Aerodynamic excitation has been used to introduce energy into the free shear layer at the outer edges of an axisymmetric free jet by injecting a pulsating secondary jet through a thin annular nozzle that surrounds and is concentric with the primary nozzle. In the present study, it has been found that the rate of mixing can be increased if the pulsations are applied in a sequential fashion around the circumference of the jet, so as to create helical vortices in the region close to the nozzle exit plane. Flow visualisation confirms the helical nature of the vortices and shows how these vortices are convected downstream with the main flow, strongly influencing the development of the primary jet. Two-component laser Doppler anemometry (LDA) was used to make measurements of the flow distributions in the developing jet for a number of flow conditions. These results have been analysed to extract various measures of the turbulent mixing, including the time averaged velocity distributions, and the higher order moments and spectral distributions of the turbulent velocity fluctuations.
Introduction
The axisymmetric turbulent jet is a classical flow problem which has been the subject of theoretical and experimental study over many years. As a result, there is now a growing understanding of the complex fluid flow interactions which occur, with particular attention being given to the manner in which the shear layer at the periphery can have a controlling influence on the development of the jet. Methods to control this development are of special importance in reducing noise levels and can be used to enhance both the combustion efficiency and propulsion characteristics of civil and military aero-engines. By way of example, enhanced jet mixing within the combustion chamber of a gas turbine increases the efficiency, thereby reducing specific fuel consumption and minimising carbon emissions. In military situations, increasing the rate at which the free jet mixes with the atmosphere will reduce the length of the detectable region of infra-red radiation in the aircraft wake. In turn, this can influence the survivability of a fighter plane.
Planar free shear layers
Free shear layers are unstable and have the ability to amplify disturbances -leading to Kelvin-Helmholtz instabilities -over a range of frequencies. In an important analytical simplification, it is found that viscous effects can be neglected at sufficiently high Reynolds numbers, and inviscid instability is said to occur. This simplification enabled Michalke [1, 2] to examine the behaviour of the nominally planar shear layer produced by a splitter plate.
Using linear stability analysis, he showed that the amplification of a disturbance depends upon the disturbance frequency and the initial momentum thickness of the shear layer.
Subsequently, an experimental study by Brown and Roshko [3] of a free shear layer at high Reynolds number confirmed these findings and revealed that the initial instability waves interact to produce vortical structures of larger scale. These structures influence the entrainment process on both sides of the mixing layer and control the mixing of the shear layer into the ambient fluid.
In an added complication, it is sometimes observed that two or more successive structures can merge. This increases the turbulent stresses, and doubles the wavelength at each stage, with a corresponding increase in the rate of entrainment [4] , It is important to record that the details of the merging processes depend on the experimental facility, are non-linear and linear stability analysis is not applicable.
In any situation, the naturally occurring disturbances in a mixing layer will appear randomly, unless there is some form of artificial stimulation -or excitation. This means that the emergence of the large scale structures and the merging of these will also be random.
In a close analogy to mechanical vibrations and acoustic oscillations, experimental study has shown that forcing, through the introduction of a low amplitude input signal at selected (or preferred) frequencies, enables these processes to be controlled. Thus, large-scale structures can be generated and convected in a more orderly and organised fashion. Flow studies by Winant and browand [5] Ho and Huang [6] , for example, confirmed that the roll-up and subsequent merging of the shear layers in a forced (or excited) shear layer is more regular and better organised than in a naturally developing free shear layer. Moreover, they showed that the rate of merging can be controlled, with the amount of control being dependent upon the frequency ratio (the ratio between the forcing frequency and the frequency at which the greatest amplification occurs).
Shear layers and the axisymmetric jet
Previous work on the instabilities in a free planar shear layer can be related to the behaviour and control of the axisymmetric free jet see, for example, Ho and Huerre [4] , Samimy et al. [7] , Gutmark, Schadow & Yu [8] . However, here, the axial symmetry introduces greater complexity because of the three-dimensional nature of the flow and the additional routes available for the generation of large-scale structures. For example, the azimuthal (or circumferential) dimension will display its own modal patterns, each mode being associated with a particular frequency, and all the axial and circumferential modes will then compete for energy and growth as the flow moves downstream. Gutmark and Ho [9] referred to the dominant modes arising from these processes as the preferred modes and related the associated large-scale flow structures to the spreading rate of the jet.
In many respects, therefore, the flow in an axisymmetric jet reveals strong similarities with the behaviour of a solid body, such as a circular plate, in forced mechanical vibration. Here, a multitude of vibrational modal patterns can be observed as the forcing frequency is varied, and each vibrational mode exists only close to its natural (or modal) frequency. In this case, the damping has a controlling influence on the relationship between the forcing frequency and the amplitude -see, for example, Blevins [10] .
The flow in an axisymmetric jet will be governed by two length scales. In the near-field region, the flow dynamics leading to the production of the large scale structures will be determined by the momentum thickness of the boundary layer in the outlet plane of the nozzle. Further downstream, the development of the jet and the structures will depend on the exit diameter of the nozzle -see Corke and Kusek [11] .
For an axisymmetric jet issuing from a nozzle producing a thin boundary layer, curvature can by ignored and the shear layer will initially behave like a planar free shear layer although azimuthal modes will arise further downstream. The length of the potential core will be determined by the inward growth of the shear layer and its eventual merging on the centreline of the jet and, as observed for planar free shear layers, the axial distance required for the structures to form will reduce as the velocity of the jet is increased -see Gutmark, Schadow and Yu [8] , Ho and Huerre [4] .
Experiment has revealed that the large-scale structures at the end of the potential core are produced at a frequency which scales with the nozzle exit diameter, , and the average velocity in the nozzle outlet plane, . This frequency, known as the jet column or potential mode frequency, , can be expressed in the form of a Strouhal number, , so that = is approximately a constant [12] [13] [14] [15] . In practice, this Strouhal number varies in the range 0.3 to 0.6, being dependent on the size of the flow rig, where and how the frequency is measured, and the presence of any background frequencies produced by the flow apparatus itself [4, 9] . Such background frequencies may be linked, for example, to the rotational speed of the fan, or to an acoustic resonance. Interestingly, an analysis by Crighton and Gaster [16] suggested a value of 0.4 for the jet column mode which is the value observed in the present study.
Considering next the azimuthal shear layer modes, the growth rate and amplitude are believed to depend on the ratio between the nozzle exit diameter and the momentum thickness of the boundary layer in the exit plane. However, linear stability analysis by
Michalke [2] and Plaschko [17] , together with experimental studies by Cohen and
Wygnanski [18] Corke et al. [19] , and Corke and Kusek [11] , suggests that both the axisymmetric ( = 0) and the first order spinning or helical modes ( = ±1) will be unstable in the initial formation region, provided that the initial boundary layer is thin (i.e.
/ is large). Furthermore, analysis by Cohen and Wygnanski [18] indicates that the other high order azimuthal modes may also be unstable in this formation region. These findings support work by Michalke [20] who stated that only helical modes can be stable downstream, because of the characteristic bell-shaped velocity distribution of the free jet.
Control methods
Samimy et al. [7] have given a comprehensive review of the many and varied techniques which have been used to control the axial development of a free jet and explain that this control can be achieved by either passive or active methods. In the case of passive methods, fixed control devices are used to introduce stream-wise vorticity components into the jet flow.
In contrast, active methods require the injection of some form of disturbance into the flow from an external source, typically as heat, sound, mass or momentum.
Passive control can be accomplished by using splitter plates, tabs and chevrons to influence the mixing process. Hu et al. [21] , for example, visualised the structures generated by small "tabs" located in the nozzle exit plane using laser induced fluorescence (LIF). Similarly, Reeder and Samimy [22] employed flow visualisation and LDA to show that tabs can increase the normal and shear stress levels in the jet, thereby enhancing the mixing processes.
Similar findings were made by Carletti et al. [23] , and Bourdon and Dutton [24] .
Chevrons are an extension of this concept in which a saw-tooth pattern is introduced onto the trailing edge of the nozzle. Such modifications can have a beneficial effect on the mixing processes and find extensive practical application, being especially valuable in reducing noise levels and increasing the propulsive efficiency in aero-engine applications. An excellent review on the subject of passive tabs and chevrons by Zaman, Bridges and Huff [25] discusses their use for single and concentric (by-pass) jet flows over a wide range of Reynolds and Mach numbers.
If the jet is produced by a nozzle with a non-circular cross-sectional shape, this may enhance the mixing processes. Gutmark and Grinstein [26] , for example, reviewed the behaviour of turbulent jets produced by many types of non-circular nozzle, including nozzles with a square, triangular, ellipsoidal or star-shaped cross-section, and discussed the flow mechanisms that control their development. They concluded that the complex interaction between vortices lying in the azimuthal (circumferential) and axial (stream-wise) directions was responsible for the increased entrainment and fine-scale mixing.
Because passive methods are driven by the jet flow, itself, this implies that any enhanced performance is likely to be limited to a restricted Reynolds number range. Despite this, passive methods have found wide application, particularly for aerospace engine applications, and many investigations have been described [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Related reviews have been given by Gutmark and Grinstein [26] , and Zaman, Bridges and Huff [25] .
As stated, an active method requires the injection of energy into the flow from an external source in the form of heat, sound, mass or momentum. These methods have included acoustic excitation [12] fluidic driven chevrons [37] , steady or low frequency flow injection into low speed jets [38] [39] [40] , and unsteady micro-jets in a compressible jet [41] .
In work with some relevance to the present investigation, Corke and Kusek [11] utilised miniature acoustic speakers located in the exit plane of the nozzle to produce resonance in an axisymmetric jet for a range of Reynolds numbers. By this means, they were able to investigate how the excitation influenced the stability and growth of both the axisymmetric and helical modes, and the effect of these on the development of the jet. Hot wire anemometry was used to study the response of the jet to excitation at frequencies corresponding to the different modes, to measure the rates at which the different modal structures developed in the axial direction, and to gain an improved understanding of the vortex pairing process. In another study with some similarities, Samimy et al. [7] examined the behaviour of a supersonic jet at = 1.3, using plasma actuators to control the flow development.
Active control systems may be either open or closed loop, dependent upon whether or not there is any operator involvement (or other form of feedback) in the excitation process. In the investigation described in this paper, an active open loop approach has been adopted in which the axisymmetric jet is subjected to the action of an unsteady secondary control jet and no feedback loop exists between the excited jet and the control jet.
Szajner and Turner [42, 43] described an active open loop method in which the axisymmetric central jet is surrounded by a concentric secondary annular jet that is pulsed at a regular frequency. The method was subsequently explored in further experimental studies [44] [45] [46] .
From the start, it was established that this form of excitation leads to strong large scale structures which appear as toroidal vortices regularly spaced along the length of the jet. These vortices increase the rate of mixing between the jet and the surrounding fluid, causing effects which persist up to fifteen diameters from the nozzle exit plane.
A limited number of investigations showing some similarities with the present study can be found in the literature. Ibrahim et al. [41] , for example, made experiments on a compressible jet and gained a measure of control through the action of a series of pulsed micro-jets located around the periphery of the nozzle. In complete contrast, Saiyed et al. [47] examined the steady-flow performance of a number of high-bypass-ratio nozzles used in aero-engines.
These high bypass ratio nozzles were geometrically similar to the co-axial dual nozzle used in the present study, although the emphasis there was on noise generation and propulsive performance, rather than in the mixing and jet decay behaviour which has been central to the present work. Finally, Schlüter [35] describes a computational study of a confined jet flow for which a central axisymmetric jet was surrounded by a thin coaxial jet. This author showed that the steady coaxial annular jet could be employed to prevent the generation of coherent structures in the shear layers of the primary jet, allowing its use to stabilise the flow in a combustion process.
What is certain is that excitation can control the development of a turbulent free jet, often in dramatic ways, with an effectiveness which depends on its physical form (i.e. whether acoustical, mechanical, or aerodynamic), and the dynamics of the excitation signal (i.e.
frequency, amplitude, phase). Reynolds et al. [48] , for example, were able to transform the behaviour of a free jet, and create many different types of bifurcating and blooming jet flows, by introducing the excitation acoustically, and driving both the axial and helical modes simultaneously. Similarly, introducing the excitation using micro-jets [49] and piezoelectric actuators [50] has enabled the influence of the signal characteristics to be studied.
In previous studies by the second author and his colleagues, the aerodynamic excitation was produced by regular pulsations of a secondary co-axial flow, the pulsations being in-phase around the whole periphery of the annular nozzle [42] [43] [44] [45] [46] . Visualisation confirmed that the resultant distortions of the shear layers created a series of toroidal vortices at the outer edge of the jet. Combining laser sheet flow visualisation with a novel stereoscopic viewing system [51] enabled study of the interactions between the toroidal vortices and the developing jet.
The authors know of no other work where precisely the same method of introducing the excitation has been used.
The present paper describes a method of aerodynamic excitation that enables helical impulses to be introduced around the periphery of an axisymmetric turbulent air jet. Results are presented that show the relatively strong control so obtained. Since the intention was to compare the merits of the helical and toroidal excitation methods, the excitation signal was always input at a frequency corresponding to a Strouhal number St D = 0.4, shown in previous studies to be the optimum for toroidal excitation, recognising that this may not have been optimal for these helical excitation conditions.
Experimental arrangement

Air flow apparatus
The experiments were carried out using the re-circulating airflow rig shown schematically in Fig. 1 . Although differing slightly in some of its basic features, this flow apparatus was essentially similar to that used in the earlier studies concerned with toroidal excitation applied to a free turbulent jet [42 -46] .
In the experiments now described, the primary jet flow was produced by two axial flow fans, As explained, in the previous studies [42] [43] [44] [45] [46] concerned with toroidal excitation, the manifold was supplied through a pressure equalisation box to which all six inlet pipes were connected.
This excitation ensured that the flow conditions around the periphery of the annulus were approximately uniform and produced a series of toroidal vortices concentric with the axis of the combined jet. Following detailed study using a combination of flow visualisation and measurement techniques [52, 53] , this type of excitation will be referred to as the ''toroidal aerodynamic mode'', as shown in Fig. 3d . In contrast, the helical excitation mode examined in the present study was produced by supplying the six inlets of the annular manifold with a sequence of phase-shifted pulsations, as shown in Fig. 3a , thereby causing the perturbation to precess around the primary jet.
Detailed study has confirmed that this arrangement produces path lines in the form of helices centred on the axis of the primary jet -see Fig. 3b .
LDA arrangement
A two-component colour separated fibre optic LDA system, operating in the backscatter mode, was employed to measure velocity information across the vertical plane embracing the centre-line of the combined free jet (see Fig. 1 ). In this system, an argon ion laser was operated in the multi-line mode to produce beams with wavelengths of 514.5 nm (green) and 488.0 nm (blue). Since the intensity of the green beam was significantly greater than that of the blue beam, the green channel was employed to detect the radial velocity component, rather than the much larger axial velocity component. A front lens with a 600 mm focal length was employed and the beams were projected into the flow in the horizontal direction, yielding a measurement volume 0.14 mm × 0.14 mm in cross-section and 2.5 mm long.
Measurements were made across the vertical diameter of the combined jet at increasing distances downstream from the nozzle exit plane.
In each axial station, twenty-nine transverse positions were selected, symmetrically distributed around the central axis with increasing radial intervals for successive measurement planes to accommodate the growth of the jet in the downstream direction. Data were obtained from 1 to 15 diameters downstream of the nozzle exit plane.
Previous studies have shown that the quality of the seeding is particularly critical if accurate measurements are to be made in this kind of mixing jet flow [42] . In the present experiment, therefore, a TSI six-jet atomiser operating with Shell Ondina oil was used to produce seeding particles with a diameter in the range 1-2 m (approximately). The seeding could be introduced just upstream of the main nozzle or, alternatively, into the manifold supplying the secondary nozzle. Subsequently, the re-circulating nature of the flow through the apparatus (and within the laboratory itself) helped to ensure adequate mixing of the particles within the combined jet, thereby reducing the effects of velocity bias due to variations in the concentration of the seeding. This seeding could produce a relatively high data rate about 6000Hz for current experimental setting. To ensure that satisfactory statistical moments values were obtained, 50000 discrete velocity values (or realisations) or 60s velocity samples were collected in each measurement position, irrespective of the particle arrival rate, and operating the LDA (Burst Spectrum Analyser) signal processing equipment in the validation mode.
Any remaining velocity bias in the data was removed by using the individual particle transit times to correct the sample mean values -Edwards [54] . The resulting uncertainties for the statistical data derived from the LDA measurements presented in this paper are defined for the 95% confidence interval, based on the bootstrap re-sampling procedure [55] due to the unknown probability distributions of the velocity signals. This methods have been employed by many studies [56, 57] . The analysis shows that the uncertainty of the data varied with the location of the measurement point, with the highest uncertainty being more than 3% for points at the edge of jet and less than 0.04% in the centre 3. Test conditions
Primary jet flow
The coordinate system was defined in terms of the axial (x) and vertical (y) directions, taking the origin of the coordinates to be at the centre-line of the jet in the nozzle exit plane, as shown in Fig. 2 . Previous workers have shown that two dominant frequencies are likely to exist in the jet flow produced by an axisymmetric nozzle. These correspond to the shear-layer and preferred modes of development [4, 14] . In either situation, the dominant frequency, f, can be expressed in terms of a Strouhal number, defined by the alternative expressions:
Here, f is taken to be the frequency of the excitation, U e is the jet nozzle exit velocity, D is the exit diameter of the primary nozzle, and is the momentum thickness of the boundary layer. The secondary volumetric flow rate is non-dimensionalised in terms of the flow rate through the primary nozzle, and is defined by the expression:
where Q s is the time-averaged volumetric flow rate of the pulsed annular flow, and Q p is the time-averaged volumetric flow rate of the primary jet flow. Consequently, the parameter VR indicates the strength of the secondary annular flow, relative to the volumetric flow in the primary jet. Previous studies have shown that only a relatively low secondary flow rate is required to achieve good control. The secondary flow rate (Q s ) was therefore set to approximately 2% of the primary flow rate (Q p ) so that the effectiveness of the two different aerodynamic excitation modes could be examined.
The systematic studies performed by Szajner, Nixon, Al-Sudane and Zhang [42] [43] [44] [45] [46] [51] [52] [53] have confirmed that the development of the free jet can be controlled quite effectively for a range of volumetric flow ratios (VR) when toroidal excitation is applied at frequencies corresponding to one of the preferred modes. For the present study, it is worth restating, that these two frequencies were fairly close. Flow visualisation [51] [52] [53] has also confirmed that the toroidal vortices are strengthened by the excitation at these frequencies, and are 
Experimental results
Flow visualisation
Introducing seeding into the annular jet revealed the three-dimensional behaviour of the shear layer interactions between the two jets, and provided insight into the nature of the helical excitation mode. However, it was impossible to reveal all the features of the threedimensional helical vortices generated in the shear layer between the primary and secondary jets using a single light sheet. In contrast, the stereoscopic viewing method, when combined with a single video camera [51] , enabled views in both the cross-plane and the longitudinal section to be captured simultaneously on each video frame, without the added complications presented by two separate cameras and the need for frame synchronization. 
Flatness and skewness
The "skewness factor" and the "flatness factor" (or "Kurtosis") are important measures of the statistical characteristics of the random property fluctuations in a turbulent fluid flow. These parameters are defined by the expressions:
Here, the symbol u denotes the random property and ̅ is the (time averaged) mean value of the sample.
The skewness factor (S) characterises the asymmetry of the probability distribution of a data sample. If the skewness factor is negative, then the distribution is asymmetrical around the skewness factor denotes a probability distribution that is skewed towards higher values of the property.
The flatness factor (F) describes the shape of a probability distribution of a data sample around the maximum. In the normal (or Gaussian) distribution, the probability distribution of the data is symmetrical about the mean, and numerical values for the skewness and flatness factors are zero and three, respectively. Townsend [59] first suggested that the flatness factor of velocity fluctuations can be used as a measure of intermittency. Later, a few papers [60, 61] found that flatness and skewness are deviated from the value of the Gaussian distribution due to the intermittency of jet flow.
For the purposes of the present discussion, the symbols F u , F v, and S u , S v , will be used to denote the flatness and skewness factors for the axial and radial velocity fluctuations, (u, v). Moreover, the skewness factors in both cases show a linear variation with the radius across the mixing layer. The slope of the line is approximately ±8 for the helical excitation (Fig. 7c) , compared with the value of ±10 for the natural jet (Fig. 8c) . Furthermore, the linear relationship extends over a wider range of the radius, for −0.1 < ( − ) < 0.2 , compared to −0.06 < ( − ) < 0.1 in the natural jet. These changes can be attributed to the thicker and more energetic mixing layer produced by the helical excitation. Therefore, flow in the mixing layer has a higher intermittency and flow mixing at each radial position comparing with the natural jet.
Energy spectra for the axial velocity fluctuations
Since the LDA technique does not provide uniform (constant time interval) sampling of the flow velocity component, the 'Resample and Hold' technique [58] was used to produce power spectra from the randomly captured data. 
Jet mixing parameters
Following the practices established when examining the behaviour of a natural jet, three important parameters based on the time mean velocity distributions can be used. These are the decay of the axial velocity at the centre-line of the combined jet, the variation of the halfwidth, and the rate of entrainment (on the assumption of perfect axial symmetry).
Comparison with equivalent values for the natural jet again enables the effects of the helical excitation to be quantified. with results for the toroidal excitation mode, and the natural jet. It is noted that all these results were obtained using essentially the same flow apparatus (see Fig. 1 ), which implies that a direct comparison is fully justified. When compared with the results for the natural jet, the toroidal excitation is seen to produce more rapid decay of the centre-line velocity after four diameters. However, the helical excitation produces even stronger velocity decay on the centre-line, starting at three diameters from the exit plane. Moreover, the centre-line velocity produced by the helical excitation is always lower than for the toroidal excitation, falling to 68% of the nozzle exit velocity at x/D = 6, and 30% at x/D = 15. In comparison, the corresponding figures for the natural jet and the jet with toroidal excitation are (92%, 42%) and (88%, 41%), respectively. The entrainment rate is another important parameter which can be used to assess the axial development of the jet under the influence of excitation. In the present study, the total volumetric flow rate of the jet in each axial position was calculated by integrating the radial distribution of the time averaged velocity profile between the centre-line and the radius R 0.1 , that is to say, the radius at which the axial velocity had fallen to 10% of the centre-line velocity in that same axial position. To ensure comparability between the values for the natural and excited jets, the volumetric flow rate Q x for the excited jet at each axial position x was calculated as a fraction of the total flow rate Q 0 through the combined jet in the nozzle exit plane. This total flow rate Q 0 = Q x + Q S was then used to normalise the entrainment flow rate of the measured velocity distributions, assuming axial symmetry. These normalised results, which correspond directly to the standard definition of the entrainment rate, although, further downstream, the gradient is reduced. The entrainment rates of both the helical and toroidally excited jets remain higher than that for the natural jet over the whole range in which measurements were obtained. These entrainment rates are comparable with the values found by previous researchers [12, 42] .
Discussion and Conclusion
An experimental investigation has been described in which aerodynamic excitation has been used to influence the development of a turbulent free jet. The paper discusses a novel nozzle arrangement that enables the aerodynamic excitation to be applied to the jet in the helical mode. It is found that the helical excitation leads to a rate of development in the axial direction which is significantly greater than could be achieved with the toroidal excitation discussed in previous papers [42] [43] [44] [45] [46] [51] [52] [53] .
The behaviour of the jet has been visualised using a laser light sheet and stereoscopic flow imaging, supplemented by detailed measurement using two-component laser Doppler anemometry. These experiments have yielded information on the interactions between the vortical flow structures generated by the excitation, and the mean flow and turbulence distributions in the developing jet. Coupling the qualitative results of the visualisation with the quantitative data derived from the LDA measurements has provided several useful methods by which the effectiveness of the toroidal and helical forms of excitation can be compared.
Examination of the energy spectra for the excited jet shows that the helical excitation tends to concentrate the energy of the turbulence into a narrow band of frequencies centred on the excitation frequency and reduces the frequency range of the inertial sub-range. In contrast, the spectra for the natural jet reveal energy peaks that move progressively towards lower frequencies with increasing distance downstream. These differences in behaviour are a consequence of the interactions between neighbouring vortical structures, as revealed by the flow visualisation.
It is concluded that self-similarity of the helically excited jet was achieved after only three diameters. Moreover, the length of the potential core was reduced to three diameters with helical excitation, compared with lengths of four diameters for the toroidal excitation and five diameters for the natural jet. Thus, the aerodynamic excitation is again shown to have a controlling influence on the development of the turbulent jet, and these effects become especially strong when the excitation is introduced in the helical mode. 
